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FACTORS INFLUENCING THE STRESS-STRAIN BEHAVIOR OF CERAMIC MATERIALS
T e r e n c e G . Langdon because of their ability to withstand high temperatures and severe cerrosian environments, their use has so far been limited by brittleness and poor resistance to thermal shock. ·A large volume of work over the last decade has .shown that several factors influence the stress-strain behavior observed in ceramic systems, ranging froni the presence of point defects in single crystals to· the size and location of pores in polycrystals. Furthermore, the complexity of this influence may be ill us-.
tratcd by rioting that the behavior of nominally identical single crystals is markedly dependent on. whether impurities are present as isolated point defects, as aggregates, or in the form of pairs of impurity atoms and
charge-compensating vacancies.
This paper reviews the primary factors influencing the stress-strain behavior of single crystals, and discusses some recent results obtained on polycrystalllne magnesium oxide. For simplicity, emphasis is placed on systems having the rock salt structure, and the effect of changes in stoichiometry·, important in materials such as UOz and Th02, is not in-.. eluded ..
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' \ -2-UCRL-20383 FACTORS INFLUENCING T.UE BEHAVIOR OF SINGLE CRYSTALS
Under a constant rate of strain or loading, a single crystal tested in tension orcompression deforms elastically up to the critical resolved shear stress ( CRSS) at which plastic flow begins.
An analysis of the temperatur.e dependence of the CRSS (or the yield stress) is most conveniently .carried out by considering the schematic curves in Fig. ·1 , in which the behavior for a given strain rate,El' is divided into three distinct regions. At low. -3-
UCR~20383

Effect of Surface Condition
The surface condition of ionic crystals is important in determining the shape of the stress-strain curve; .. a detailed review of the extensive . 2 3 .
work on magnesium oY~de is given elsewhere. Stokes showed that MgO crystals containing "fresh" dislocation sources, due to cleavage or mechanical contact, yielded smoothly in tension at ~6-8000 psi. However, if the "fresh" sources were eliminated by chemical polishing, the crystals deformed elastically up to stresses of ~30-50 ,000 psi before yielding with a sharp drop in stress down to the level. at which the "fresh" dislocations mov~d. These experiments emphasize the significance of the surface condition, and serve to show that the. '~grown in" dislocations in MgO are immobile.
Effect of Strain Rate
As indicated in Fig. 1 , an increase in strain rate at any·given temperature results in a higher CRSS in the thermally-activated region I, but there is no change in region II. An experimental example is shown in Fig. 2 (which is comparable to the ~ual stress-strain data) to 3 x 10 3 sec-l thereby showing the transition to region IV indicated in Fig. l .
Effect of Orientation
The orientation of a crystal determines the ·magnitude of the resolved shear stress acti!lg on the slip planes. . . for NaCl cr,ystals tested at 294°K with Ca 2 + concentrations of 2, 33 and . 11 64 ppm, respectively.
In particular, the slope and length of stage I increases with increo.sing impurity t:ontent.
Effect of Nature of Impurities
Whilst small.variations in the concentration of impurities significantly affect the stress-strain behavior, the magnitude of this influence is dependent on both the state of dispersion and the valency of the impurities in quesLlun.
cr,ystals, containing 3 This is illustrated in Fig. 6 . For "pure" LiF
ppm Mg , the CRSS increases only slightly at very low temperatures, and there ·is no significant difference between crystals slowly cooled (~.002°C/min; solid line) and air-cooled (~50°C/min; dashed line) from an annealing treatment at 300°C •. By ~ontrast, the . 2+
behavior of "impure" crystals, containi?g 75 ppm Mg , depends critically on thermal histor,y: for air-cooled crystals,_ the athermal stress level (region II) is only slig]ltly higher than for the "pure" _cr,ystals, but there is a pronounced increase in CRSS in the thermally-activated region I; for slowly cooled cr,ys-tals, the CRSS in region II is ver,y much 
3+
In magnesium oxide, the presence of Fe · leads to considerable· hardening, but Ni 2 + in the absence of iron has only a small effect. This is shown in Fig. 7 , using room temperature data reported by Srinivasan .. 
Effect of Irradiation
Irradiation produces a hardening in alkali halides, the magnitude of which depends on the time, te~erature, intensity, and nature of the radiation, and the impurity level of the crystal. The theory of asymmetrical defects 18 has been used to interpret the magnitude and temperature dependence of radiation hardening in Ag-doped KC1; 22 · but the theory prediets that defect alignment will lead to anisotropic hardening, and this is not observed experimentally. 23 
FACTORS INFLUENCING THE BERAVIOR OF POLYCRYSTALS
Whilst the preceding section shows that several factors ~ignificantly influence the stres:;-strain behavior of single crystals, the situation for polycrystalline materials is more complex. In particular, four additional features should be considered. by isostatic press'ing and sintering, and were typically 'Vl. 5% porous but with variations in the average pore size and distribution. The microstructure of' type 5, which was one of the two materials deforming plastically at the lower temperatures, is shown in greater detail in Fig. 14. An analysis of the experimental observations in terms of the material characteristics of the various specimen types, described in detail elsewhere, 27 suggests two factors·which aid plasticity at tempera-( i) 'rhe grain boundaries should be sufficiently strong to allow the.
build-up of stress concentrations and n·ucleation of slip on the. {100} system and to permit extension of slip bands across the boundaries. This requires (a) that they are relatively pore-free, and if boundary pores exist they should be small with respect to the grain size, and (b) that
• they are free from excesslve cunounts of impurities in solid solution.
Condition (a) is not fulfilled in type 2, where the ratio of boundary pores to grain size in '\.{).2; condition (b) is not f'u.lfil.leil in type l due to the residual LiF' which appears to weaken the grain boundaries, or in type 3 due to a higher amount of SiOz and CaO content which appear to interfere with dislocation motion.
(ii) Ver,y fine pores distributed within the grains appear tQ be · beneficial·,. probably because they permit some mass accommodation rcq_uired because of the limited slip acti vi. ty.. Types 5 and 6 are exa.niples of fairly pure materials containing fine intragranula.r porosity.
-13- orientation yield stress at 560°C is 71,000 psi. and at 360°C
,; is 143,400 psi. .·is a fracture stress in the absence of yielding. • en en
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